When primary infection with murine cytomegalovirus (MCMV) was by the intravenous route, the resulting delayed type hypersensitivity (DTH) to MCMV was reduced compared with subcutaneous or intraperitoneal infection, Intravenous injection of l03 or more p.f.u, of MCMV also reduced the DTH response to virus injected at the same time subcutaneously. When spleen cells from mice injected intravenously with MCMV 1 to 3 weeks earlier were transferred to subcutaneously infected mice, the resulting DTH response was suppressed. The cells responsible were T cells, being non-adherent and Thy-1 positive; they were not destroyed by complement plus antibody to either Lyt-1 or Lyt-2. Suppression was not transferred by serum. The suppression was antigen-specific; DTH responses induced by sheep red blood cells and by a thymidine kinase-negative strain of herpes simplex virus type 1 were not significantly suppressed by concurrent intravenous infection with MCMV. Suppression of DTH to MCMV caused by intravenously injected MCMV was reduced in mice given 50 mg/kg cyclophosphamide, but not in those given 200 mg/kg. Deoxyguanosine had no effect on the induction of DTH to MCMV.
INTRODUCTION
There have been several reports of cell-medi~tted immune (CMI) responses to murine cytomegalovirus (MCMV). The first to be described was virus-specific lymphocyte proliferation (Howard et al., 1978 ; Kelsey et al., 1978) or cytotoxic T cell responses (Quinnan et al., 1978) , and more recently a delayed type hypersensitivity (DTH) response (Chong & Mims, 1982) . The DTH response, as well as being an expression of CMI in vivo, is easy to test for in a reproducible way, and can readily be used to answer questions about the immunology and pathogenesis of this infection. The DTH response induced after primary infection differs according to the strain of mouse, the strain of virus, and the dose and route of infection (Chong & Mims, 1982) . Later studies showed that the DTH response was reduced when MCMV was given intravenously (i.v.) . A further analysis of this phenomenon, which is due to active suppression of DTH, is reported in this paper.
METHODS
Cell cultures. Primary mouse embryo fibroblasts (MEF) were prepared by the trypsinization of foetuses from 17-day pregnant CDI mice. Cells were grown in Eagle's minimal essential medium supplemented with 5~ foetal bovine serum, 0-11% sodium bicarbonate, 100 U penicillin per ml and 100 gg streptomycin per ml. For both virus growth and plaque assay, secondary cell cultures were used.
Viruses. The strain of murine CMV used throughout this study was received from Dr J. Osborn (Department of Medical Microbiology, University of Wisconsin, Madison, Wis., U.S.A.), who had developed it from the Smith strain after many passages in mouse salivary gland. To obtain high titre stock of salivary gland (SG) virus containing > l07 p.f.u./ml, 3-week-old mice were infected intraperitoneaiiy (i.p.) with l0 s p.f.u, of virus. This produced 10% mortality at 5 to 7 days and the salivary glands of surviving mice were harvested at 2 to 3 weeks after infection. Tissues were homogenized in phosphate-buffered saline (PBS), using an MSE homogenizer to give 10% tissue suspensions. These were clarified by low-speed centrifugation, and stored at -80 °C.
The cell culture-grown (CC) virus was used after 10 to 15 passages in MEF cells at low multiplicity of infection (approx. 0.01 p.f.u./cell). High titre CC virus was propagated as previously described (Chong & Mims, 1983) .
A bromodeoxyuridine-selected thymidine kinase (TK)-deficient strain of herpes simplex virus type 1 was kindly provided by Dr A. A. Nash, Division of Virology, New Addenbrooke's Hospital, Cambridge, U.K. This strain, C1 (101) TK -, was originally isolated by Dubbs & Kit (1964) and the pathogenicity for mice has been reported by Field & Wildy (1978) .
Mice. An outbred, specific pathogen-free (SPF) strain of CD1 mice was used for all experiments except for the transfer study, in which BALB/c mice were used. The SPF CD1 mice were obtained from the SPF unit of Guy's Hospital Medical School and the SPF BALB/c mice were obtained from Banting and Kingman, The Field Station, Grimston, Aldborough, Hull, U.K.
Ear swelling. Heat-killed (56 °C for 30 min) SG virus was inoculated (at a dose equivalent to 5 × 10 ~ p.f.u.) in 10 lxl PBS into the pinna of the left ear of anaesthetized mice using a Unimetric 5100R microsyringe with a 28 gauge needle. Routinely, the swelling was measured 24 to 36 h after challenge, using a Mitotoya engineer's micrometer. Mean values from five or six mice were used to calculate the percentage increase in thickness of the challenge ear in comparison with that of the uninoculated ear. With the exception of the earlier experiments (Tables 1 and 2 ), all readings were made before noon, in view of the considerable diurnal variation reported in DTH responses to oxazolone in mice and to purified protein derivative (PPD) in man (Rownall et al., 1979 The methods for antiserum treatment were previously described by Liew & Russell (1980) . Briefly, aliquots of 5 × 10 s spleen cells were resuspended in RPMI 1640 medium (supplemented with 5~ heated foetal calf serum) and dilutions of antisera were added to give final working dilutions as follows: anti-Thy 1.2,1/500; anti-Lyt 1.2, 1/50; anti-Lyt 2.2, 1/100. After incubation for 30 min at room temperature, the cells were sedimented by centrifugation and resuspended into 5 ml with a 1/20 dilution of rabbit complement (C'; pre-absorbed with normal spleen ceils) and were incubated for a further 45 min at room temperature. The cells were then washed twice in medium and their viability was estimated by trypan blue exclusion. The percentage of spleen cells killed by the various treatments was as follows: anti-Thy 1.2 + C', 45%; anti-Lyt 1.2 + C', 25~; anti-Lyt 2.2 + C', 20%; C' alone, 4~.
RESULTS

Effects of the route and dose of infection on the induction of DTH responses
Groups of five CD1 mice were inoculated with 104 p.f.u, of SG virus by the subcutaneous (s.c.), i.p. or i.v. route. All groups were challenged in the ear pinna 6 days later with the standard dose of heat-killed virus. The results (Table 1 ) showed that live virus was able to prime for DTH responses by any of the routes used. The i.p. route was as efficient as the s.c. route, although in some experiments s.c. infection produced greater DTH than the i.p. route. The i.v. route was the least efficient and generally produced less than 60 ~ of the DTH response seen after priming by the s.c. route. This effect of routes of infection on DTH induction was similarly observed when other doses (103 to 106 p.f.u.) of virus were used for priming. Live virus primed less efficiently than the equivalent dose of u.v.-inactivated virus when given by the i.v. route (Table 2) .
In order to test whether the reduced DTH after priming via the i.v. route might be due to active suppression, mice were given live SG virus by the s.c. and i.v. routes simultaneously. As shown in Table 2 , the DTH response induced by s.c. virus was reduced when accompanied by 
Adoptive transfer of DTH suppression
Spleen cells from BALB/c mice infected with 104 p.f.u. SG virus i.v. 1 or 2 weeks previously were harvested and transferred i.v. into syngeneic recipients. Recipient mice were X-irradiated (150 rads) 2 h before cell transfer to increase the likelihood of transfer of suppression (Nash & Gell, 1983) , and immediately after transfer they were immunized s.c. with 104 p.f.u. SG virus and DTH was elicited 6 days later. The result (Table 3) showed that spleen cells from i.v.-infected donors significantly suppressed the induction of DTH to MCMV. In some experiments, especially when less than 108 cells were transferred, DTH suppression was not transferred. Suppression was not only transferred when donor cells were taken 1 or 2 weeks after infection (Table 3 ) but also when taken 3 weeks after infection (results not shown). Suppression was not transferred by serum. Spleen cells and serum transferred in the experiments in Table 3 were assayed for infectious virus but none was detected (less than 10 p.f.u. MCMV per ml serum or sonicated spleen cell preparation).
Effect of treatment of spleen cells with antiserum and complement
The cell type responsible for the transfer of suppression was investigated by treating the donor spleen cells with antibodies directed against cell surface phenotypic markers and complement. Spleen cells from BALB/c mice infected i.v. 2 weeks previously were treated with a monoclonal anti-Thy 1.2 serum, anti-Lyt 1.2 and anti-Lyt 2.2 serum and complement. After washing, the treated cells (108/mouse) were transferred intravenously into syngeneic recipients which were then infected s.c. (footpad) with 10 a p.f.u. SG virus. In this experiment recipients were not irradiated because this did not increase the magnitude of the suppression transferred (K. T. Chong & C. A. Mims, unpublished observations). Control mice received donor cells treated with C' alone, or normal spleen cells. DTH was elicited 6 days later. As shown in Table 4 , the 
Is the DTH suppression antigenically specific for CMV?
DTH reactions to sheep red blood cells (SRBC) were tested as described by Liew & Russell (1980) . 108 SRBC were injected s.c. and DTH elicited 7 days later by s.c. challenge (footpad) with l0 s SRBC. DTH reactions to SRBC were not suppressed in CD1 mice given SG virus i.v. at the time of priming with SRBC (Table 5 ). This was also observed even when SG virus was given i.v. at up to 4 days before SRBC priming. When SG virus was given by the i.p. route, however, the induction of DTH to SRBC was markedly depressed. CC virus did not affect the induction of DTH to SRBC.
Herpes simplex virus was used in a further test of the antigenic specificity of the suppression of DTH observed in CMV-infected mice. 106 p.f.u, of a TK-deficient strain of herpes simplex virus was injected into the footpad of CD1 mice and DTH responses subsequently tested by intracutaneous injection of challenge virus (10 s p.f.u.) into the ear (Table 5 ). In otherwise untreated mice, a 48 ~o increase in ear swelling was observed 8 days after infection, as shown in similar experiments by Nash et al. (1980) . When mice were given 104 p.f.u. SG CMV i.v.
together with the priming injection of herpes simplex virus, the DTH response subsequently induced in the ear was slightly reduced but the difference was not significant (P > 0.2). In the same experiment DTH to s.c. injected MCMV was significantly reduced when MCMV was given i.v. at the same time.
In summary, i.v. CMV depressed the development of DTH responses to CMV, but was without significant effect on induction of DTH response to SRBC or herpes simplex virus.
Effect of deoxyguanosine or cyclophosphamide on DTH induction
Deoxyguanosine has been reported to inhibit suppressor T cell development (Dosch et al., 1980) , and DTH can be increased by cyclophosphamide (Chan et al., 1983) . The effect of these substances on the induction of DTH to MCMV was therefore tested. Groups of five CD1 mice were immunized with the standard dose of SG virus s.c. or i.v. These mice were treated with 1 mg deoxyguanosine per day on the day of infection and for 4 or 5 days more. On day 4 or day 7 after infection, they were challenged with the standard dose of virus and ear swelling was measured 24 h later. DTH ear swelling on day 4 and 7 after either s.c. or i.v. infection was not significantly enhanced by deoxyguanosine treatment. C' alone 81-3 _+ 11.9 + (<0.01) Anti-Thy 1.2 + C" 103-0 +_ 14-9 --Anti-Lyt 1.2 + C' 83.4 -I-8.7 + (<0.01) Anti-Lyt 2.2 + C' 87.9 _+ 14-0 + (<0.02) Adherent cells removed 85.5 + 11-5 + (<0.02) * DTH response. Immediately after cell transfer (1 × 108 cells before pretreatment) syngeneic recipients were immunized s.c. (footpad) with 104 p.f.u, of SG virus; 6 days later DTH was elicited in the ear pinna with l0 s p.f.u. of heat-killed SG virus.
t P values refer to a comparison of cell groups to 'no cells' group. Suppression was not transferred when cells were treated with anti-Thy 1.2 plus complement. 5 7-2 + 7-5 + (P <0.05) * 104 p.f.u, of MCMV or 106 p.f.u, herpes simplex virus was injected. ~" Day of virus inoculation in relation to day of SRBC or herpes simplex virus priming. :~ In the same experiment, the DTH to MCMV was significantly reduced (P <0.05) by MCMV i.v.
+ (P <0-05)
Cyclophosphamide at 50 mg/kg body weight produced a significant increase in DTH response induced in i.v. infected CD1 mice (P < 0.05) but no significant increase in s.c. infected mice. When 200 mg/kg was given, there was no effect on DTH in i.v. infected mice; the decrease in DTH in s.c. infected mice was of marginal significance (P > 0.05).
DISCUSSION
The above experiments show that i.v. injected MCMV, in doses as small as 103 p.f.u., suppresses development of DTH to s.c. injected MCMV. The expression of pre-existing DTH was not investigated. DTH suppression was measured by a reduction in ear swelling on challenge with MCMV 6 to 7 days after the initial s.c. infection. MCMV-induced suppression was antigen-specific and did not affect the induction of DTH responses to SRBC or to herpes simplex virus type 1. Suppression was transferable by spleen cells taken from donors 1 or 3 weeks after i.v. infection and the cells responsible were T cells, being non-adherent and Thy-1-positive. They were not lysed by complement plus antibody to either Lyt I or Lyt 2, which would remove helper or suppressor/cytotoxic T cells respectively. This means either that the ceils do not belong to T cell subclasses defined in this way, or that either type of cell can by itself transfer suppression.
There have been other reports of antigen-specific suppression of DTH responses to viruses following i.v. or intranasal infection with the same virus. Herpes simplex virus type 1 given i.v. in doses as small as 103 p.f.u, suppressed the development of DTH to herpes simplex virus type 1. The suppression was transferable by T cells and was antigen-specific, with no effect on induction of DTH to herpes simplex virus type 2 (Nash et al., 1981a, b) . Antigen-specific suppression of DTH to influenza virus was induced by aerosol infection with 102 minimal infectious doses of influenza A virus (Liew & Russell, 1980) . In this case, suppression was transferable by Lyt 1 + T cells. Greene & Weiner (1980) described antigen-specific suppression of DTH to reovirus, which was induced in mice by large i.v. injections (10 9 particles) of inactivated but not live reovirus and, here too, suppressor T cells were involved. Chan et aL (1983) obtained evidence for suppression of DTH responses to Pichinde virus in hamsters after footpad infection with the same virus. Suppression was transferable by lymphoid cells, but in this case was not shown to be antigen-specific.
The experiment with cyclophosphamide shows that small doses (50 mg/kg) prevent suppression of DTH whereas larger doses (200 mg/kg) are without effect. Similar small doses have been reported to augment DTH responses to other antigens (Askenase et aL, 1975; Lando et al., 1979) , and this is consistent with selective destruction of suppressor T cells, whereas larger doses can often (Lando et aL, 1979; Chanet aL, 1983) but not always (Gill & Liew, 1978) cause reduced DTH responses, presumably by destroying a wider range of T cells, including those concerned in the induction of DTH.
It has long been known that in MCMV infection, as in many other viral infections, there is a general immunosuppression affecting both antibody and cell-mediated immune responses to a variety of unrelated antigens (Osborn et al., 1968; . Is the suppression of DTH reported above a mere reflection of this phenomenon? This seems not to be the case. First, the suppression is specific for antigens of the infecting virus. Second, the general immunosuppression was seen following i.p. infection with MCMV , a route of infection that did not suppress DTH to MCMV. Third, the antigen-specific suppression of DTH to MCMV reported above lasted at least 3 weeks whereas the general immunodepression seen after i.p. infection is maximal at 5 or 6 days and has disappeared by 14 days.
It is clear that certain viruses, during infection, can depress the induction of DTH responses to their own antigens. Could this be important? In the case of herpes simplex virus, MCMV and influenza virus only small doses of live virus are required. The i.v. route of infection with herpes simplex virus and MCMV is not a natural one, but infection is seeded into the vascular system in these and in all systemic viral infections. In any case immune responses unfold under the combined influence of helper and suppressor forces, and suppression, whether or not it is detectable, is perhaps an inevitable feature of the immune response to virus infection. DTH responses are generally reduced when antigens are injected i.v. rather than s.c. (Greene & Bach, 1979) and antigen-specific suppression has been observed (Liew, 1977) . The importance of virus-induced antigen-specific suppression of DTH in resistance to infection and in immunopathology awaits clarification.
